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ABSTRACT 
Localization of antisera  to  neurofilament antigens  derived from rat peripheral 
nerve was carried out in tissues of rat and human peripheral and central nervous 
systems by indirect immunofluorescence. Unfixed and chloroform-methanol-fixed 
frozen  sections  of tissues  were  incubated  in  purified  IgG  of the  experimental 
rabbit antisera and subsequently exposed to goat anti-rabbit IgG conjugated with 
fluorescein  isothiocyanate.  Control  studies  were  conducted  on  identical  tissue 
preparations incubated in the same concentrations of nonspecific rabbit IgG or in 
experimental rabbit IgG absorbed with extracts of rat peripheral nerve containing 
neurofilament antigen.  Extensive immunofluorescence was observed in rat and 
human peripheral and central nervous systems. The distribution and configuration 
of  immunofluorescence  corresponded  to  neurofilament-rich  structural  compo- 
nents of these  tissues.  Prominent immunofluorescence occurred along axons of 
peripheral  nerve  fibers.  Immunofluorescence  was  also  noted  in  neuronal  cell 
bodies of spinal sensory ganglia, especially in perikarya of the large neuronal type. 
Immunofluorescence of the central nervous system was located predominantly in 
myelinated axons of the white matter in cerebrum, cerebellum, brain stem, and 
spinal cord. Less intense immunofluorescence was also seen in neuronal perikarya 
and in short thin linear processes of grey matter. 
Neurofilaments are a very conspicuous but poorly 
understood neuronal organelle. They can be rec- 
ognized in neuronal perikarya but occur in great 
abundance within large neuritic processes (44). In 
fact, neurofilaments comprise the major structural 
component of many large axons (16, 17, 40) and 
some large dendrites (31,39, 44, 45). Slow axonal 
transport has been considered to be the mecha- 
nism  of their replenishment (13,  22, 33). Their 
function, however, remains obscure. It has been 
suggested that they play some role in axonal trans- 
port (4, 22, 36) or that they may furnish structural 
support for long neuritic processes (18, 39). 
Our  lack  of knowledge about neurofilaments 
may be due in part to methodological limitations 
regarding the visualization  and detection of these 
organelles within  tissues.  Identification of neuro- 
filaments is presently limited to transmission  elec- 
tron microscopy. Silver impregnation preparations 
are capricious and lack rigorous organelle specific- 
ity (31). 
A technique that has recently been developed in 
this laboratory enables the isolation of intact neu- 
rofilaments  and  neurofilamentous  polypeptide 
components from rat peripheral nerve (34). Anti- 
sera which  have been raised to this  polypeptide 
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ments  isolated  from  peripheral  nerve  (34).  The 
present study has utilized these antisera along with 
standard  indirect  immunofluorescence methodol- 
ogy  to  localize  neurofllament-containing  struc- 
tures in the peripheral and central nervous systems 
of rat and  human  tissues.  Some of these findings 
have appeared  in abstract  (35). 
MATERIALS  AND  METHODS 
Brain, spinal cord, and peripheral nerves were obtained 
from 250-300 g rats in which the tissue vasculature had 
been cleared by cardiac peffusion of isotonic saline under 
pressure.  Human tissues  were obtained from autopsies 
performed within an 8-h postmortem interval. Peripheral 
nerves were desheathed of perineurium. All tissues were 
immersed  and  frozen  in  phosphate-buffered  saline 
(PBS),  and  8-10  ~m  frozen  sections  were  cut  from 
tissues within this medium and placed on dry, clean cover 
slips.  Multiple frozen sections of different tissues  were 
air-dried  (15-60  rain)  on  the  same  cover slip.  Some 
tissues were subsequently fixed for 30 min by immersion 
in chloroform-methanol (2:1) at 4~  and then washed in 
PBS. 
Both fresh and fixed tissues were incubated for 4 h at 
4~  on a rocker platform in 1:10 dilutions of experimen- 
tal and control IgG in PBS. Experimental IgG was iso- 
lated from rabbit antisera raised against  extracts of rat 
peripheral  nerve  (34).  Both experimental and  control 
rabbit IgG were prepared by DEAE-column chromatog- 
raphy (15) from a 40% saturated (NH4)2SO4 precipitate 
of sera. Stock solutions of experimental and control IgG 
contained  8-9  mg/ml  protein,  as  determined  by  the 
Lowry  procedure  (27),  using  bovine  serum  albumin 
(BSA) as a standard reference. 
Tissues  were  washed  overnight  at  4~  in  several 
changes  of PBS after the primary incubations. All subse- 
quent treatments of tissues were identical, including sec- 
ondary incubations for 2  h at 4~  in  1:40 dilutions of 
fluorescein-conjugated goat  anti-rabbit  IgG  in  a  PBS 
media. Goat anti-rabbit IgG was obtained from Gateway 
Immunosera,  Cahokia,  Ill.  The  40%  saturated 
(NH4)2SO4 precipitable fraction was  fluorescein conju- 
gated  as  described  (8).  The  conjugate  had  a  fluores- 
cein:protein ratio of 0.44 determined by absorbance at 
490 k and 278 k. After incubation with conjugated anti- 
globulin, all tissues  were subjected to a 4-6 h wash in 
several changes  of PBS.  Cover slips were mounted in 
glycerin-PBS, and samples were immediately examined 
and  photographed  with  a  Leitz Orthoplan  microscope 
with Ploem illumination. 
Experimental and control absorption studies were car- 
ded out in parallel with the primary incubations of tis- 
sues.  Fresh  and  fixed tissues  were  incubated  in  1:10 
dilutions of experimental IgG in PBS containing either 
rat peripheral nerve extract  (0.2  mg/ml) or BSA (0.2 
mg/ml). The primary incubations with absorbants were 
conducted for  4  h  at  4~  All subsequent  treatments 
were identical to those of other experimental and control 
incubations. 
RESULTS 
Peripheral Nerve 
Bright-green  immunofluorescence  was  readily 
observed  in  rat  and  human  peripheral  nerves 
which  had  been  incubated  in  experimental  IgG 
(Figs.  1-6).  The  dimensions,  configurations,  and 
overall distribution of immunofluorescent stain co- 
incided  with  the  location  of  axons  within  these 
tissues. The cylindrical-shaped axons appeared  as 
linear or punctate profiles of immunofluorescence 
when  sectioned  in  a  longitudinal  or  transverse 
orientation,  respectively  (Fig.  3).  Large  myeli- 
nated  axons  were  the  most  intensely  fluorescent 
components  of nerve fascicles. Unstained  myefin 
sheaths could often be recognized surrounding the 
fluorescent  axonal  cores.  Unmyelinated  axons 
were infrequently encountered, appearing as clus- 
ters  of parallel  thin  linear  arrays  which  coursed 
along the longitudinal axis of the nerve (Fig.  5). 
Individual linear structures with faint fluorescence 
and more irregular course were also noted. Their 
anatomic  identities  were  uncertain  but  some  of 
them could represent Schwann cell processes. 
FIGURES 1-2  Identical  unfixed  frozen  sections  of  rat  sciatic  nerve  incubated  in  experimental  and 
nonspecific rabbit  IgG, respectively. Axonal immunofluorescence is seen as partially truncated,  linear 
profiles due to the sectioning of cylindrical axonal structures in a longitudinal-oblique orientation. ￿  250. 
FIGURES 3-4  Identical  chloroform-methanol-fixed frozen  sections  of  rat  sciatic  nerve  incubated  in 
experimental rabbit IgG absorbed with BSA and peripheral nerve extract, respectively. Nonspecific BSA 
absorbant fails to abolish axonal immunofluorescence in transversely (upper left) and longitudinally (lower 
right) sectioned nerve. ￿  250. 
FIGURES 5-6  Unfixed and chloroform-methanol-fixed frozen sections of human femoral nerve incubated 
in experimental rabbit IgG, respectively. Immunofluorescence can be seen both in large myelinated axons 
and in bundles of small unmyelinated axons, especially  in the fresh frozen section,  x  250. 
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noted in rat (Figs.  1 and 3) and human (Figs. 5 
and 6) nerves as well as in unfixed tissues (Figs. 1 
and 5) and in frozen sections of nerve which had 
been immersed in chloroform-methanol (Figs.  3 
and 6). The immunofluorescence was less intense 
but  more  uniformly  distributed  in  chloroform- 
methanol fixed nerve. Fixation in formalin, para- 
formaldehyde, or glutaraldehyde was less success- 
ful  in preserving immunofluorescence of the  tis- 
sues. 
Immunofluorescence of nerve was not seen  in 
control incubations run in parallel on fresh (Fig. 2) 
or fixed (Fig. 4) tissues. It was not observed when 
nerve tissues were incubated with nonspecific rab- 
bit IgG followed by incubation with fluorescein- 
conjugated goat anti-rabbit IgG (Fig. 2). The ad- 
dition of peripheral  nerve  protein  extract to the 
primary incubation completely inhibited the spe- 
cific antibody and prevented the immunofluores- 
cence of nerve tissue  (Fig. 4), whereas an equal 
concentration of BSA did not inhibit (Fig. 3). 
Spinal Cord 
Immunofluorescence of rat  and  human  spinal 
cord occurred predominantly in the parallel myeli- 
nated tracts which comprise the white  matter  of 
the cord (Figs. 7-9). In transverse section, immu- 
nofluorescent  stain  outlined  multiple  punctate 
profiles within these longitudinal nerve fiber tracts 
(Figs. 7 and 9). Occasional oblong configurations 
arose from focal oblique transsections. The distri- 
bution and configuration of stain corresponded to 
the location of axons in the respective nerve tracts. 
Axons of the anterior spinal nerve root tracts were 
also outlined with immunofluorescence, appearing 
as aggregates of parallel linear profiles extending 
from the margin of the anterior horn to the edge of 
the spinal cord at the root entry zone and separat- 
ing the longitudinally coursing long fiber tracts of 
the anterolateral funiculus (Fig. 7). 
Less intense immunofluorescence was manifest 
in the grey matter of the spinal cord where staining 
was largely localized to fine short linear processes 
with irregular course (Fig. 7). Large neuronal per- 
ikarya were outlined by a diffuse immunofluores- 
cence of moderate intensity. Limiting glial  mem- 
branes  along  the  pial  surface  or  in  perivascular 
locations did not stain. 
Immunofluorescence of spinal cord of rat (Fig. 
7) and human (Fig. 9) showed similar patterns but 
was localized with  greater precision  and  consist- 
ency in fixed  (Fig.  7)  rather  than fresh (Fig.  9) 
frozen sections. Control incubations of spinal cord 
were  negative,  including  complete  inhibition  of 
immunofluorescence by the  addition  of purified 
peripheral nerve extracts to the first antibody incu- 
bation (Fig. 8). 
Brain 
Localization of immunofluorescence to specific 
structures  in brain was limited by the cytological 
complexity of the  tissues  as  well  as  by artifacts 
incurred by the use of fresh frozen sections. Nev- 
ertheless, general patterns of reproducible immu- 
nofluorescence could be recognized. Most of the 
immunofluorescence in  rat  cerebellum  (Figs.  10 
and 11), cerebrum (Fig.  12), and brain stem was 
located in areas of white matter and outlined dis- 
crete linear structures which had been cut in trans- 
verse,  oblique,  or longitudinal  orientation.  This 
characteristic immunofluoresence of white matter 
was exemplified by the staining pattern seen in the 
myelinated  core  of  cerebellar  folia  (Fig.  11). 
These stained profiles correspond to the general 
configuration and distribution of myelinated axons 
which are  known  to comprise  the  major consti- 
tuency of white matter substructure. 
The immunofluorescence of neuronal cell bod- 
ies was less intense  than that of the linear struc- 
tures in white matter. Purkinje cells of the cerebel- 
lar  cortex  revealed  a  diffuse  cytoplasmic  stain 
which was partially obscured due to the encircle- 
ment  of  Purkinje  cells  by  multiple  converging 
processes with  intense  immunofluorescence (Fig. 
10).  Occasionally, smaller  neuronal perikarya in 
the overlying molecular layer were also outlined 
by  the  convergence  of  fine  immunofluorescent 
processes (Fig. 10). Some groups of neurons in the 
rat cerebral cortex showed a  localization of peri- 
karyal immunofluorescence in crescentic or ring- 
shaped configurations which often appear to sur- 
round the nucleus (Fig. 12). A similar cytoplasmic 
distribution  of neurofilamentous  immunofluores- 
cence was observed in neuroblastoma cells (25). 
Not all  of the  morphological constituencies of 
immunofluorescence  could  be  identified  within 
brain tissues. Nevertheless, the glial limiting mem- 
branes along the pial surfaces and around perivas- 
cular spaces were not the sites  in which immuno- 
fluorescence could be detected. Furthermore, con- 
trol studies with nonspecific IgG and immunoab- 
sorbants  were  indicative  of  specificity  of  brain 
immunofluorescence. 
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mental rabbit IgG absorbed with BSA and peripheral nerve extract, respectively. Axonal immunofluores- 
cence occurs predominantly in long myelinated tracts in the white matter which have been sectioned in a 
transverse and focally oblique manner. A finer linear axonal immunofluorescence is present in grey matter 
of the anterior horn (upper left) and in anterior rootlets coursing laterally between the white matter tracts. 
Immunofluorescence is completely abolished by absorption with peripheral nerve extract.  ￿  250. 
FIGUR~ 9  Intense  axonal  immunofluorescence  in  unfixed  transverse  frozen  section  through  lateral 
funiculus  of human spinal  cord incubated in experimental rabbit IgG.  x  250. 
Spinal Sensory Ganglia 
Immunofluorescence  occurred  in  neuronal  cell 
bodies  of  rat  spinal  sensory  ganglia  (Fig.  13). 
Prominent  immunofluorescent  staining  was  ob- 
served  in  perikarya  of  large  ganglion  cell  type. 
These  neurons  revealed  a  lattice-like  pattern  of 
staining  throughout  their  cytoplasm,  the  central 
nucleus  remaining  unstained.  Immunofluores- 
cence of the small ganglion cell type was consider- 
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rabbit IgG. Diffuse cytoplasmic immunofiuorescence  of three adjacent Purkinje cells is partially  obscured 
by their encirclement by multiple  converging immunofluorescent axonal processes. Immunofluorescent 
staining  can also be seen in fine linear axonal processes in overlying molecular cortex, x  250. 
FIGURE 11  Chloroform-methanol-fixed frozen sections of white matter in  rat  cerebellar folium after 
incubation in experimental rabbit IgG. Intensely fluorescent linear profiles occur in irregular orientation, 
corresponding to the configuration and distribution of myelinated axons. ￿  250. 
FIGURE  12  Chloroform-methanol-fixed  frozen section of rat cerebral cortex incubated in experimental 
rabbit IgG. Immunofluorescence can be seen in crescent- and ring-shaped configuration within neurons. 
Immunofluorescence  of surrounding neuropil is faint but occurs in short, thin linear structures. ￿  250. 
FIGURE 13  Chloroform-methanol-fixed  section of rat spinal ganglion  incubated in experimental rabbit 
IgG. Immunofiuorescence of two large ganglion cells (above) outlines central nucleus (top left) as well as 
mottled areas of cytoplasm, contrasting with the very faint diffuse immunofluorescence of small ganglion 
cells (below). Brightly fluorescent punctate profiles around large ganglion cell (top left) correspond to the 
location of emerging axon. ￿  500. ably less than that of the large ganglion cell type 
and tended to be diffusely distributed throughout 
the cytoplasm. Occasional punctate or short linear 
profiles of intense  immunofluorescence could be 
seen  immediately surrounding the large ganglion 
cells,  corresponding to the axons emerging from 
these  cells  which are known to take  a  circuitous 
course  before  dividing  into  their  bipolar  proc- 
esses (32). 
DISCUSSION 
The present study has demonstrated the feasibility 
of visualization by immunofluorescence of neuro- 
filaments  by the  use  of antisera  which has been 
raised to neurofilament protein extracted from rat 
peripheral  nerve.  The specific reactivity of these 
antisera  with  isolated  and  intact  neurofilaments 
from rat nerve has been demonstrated by immune 
electron  microscopy  (34).  Wider  application  of 
these  antisera  is  now  evidenced  by  the  in  situ 
demonstration of neurofilaments among a variety 
of neural tissues by indirect immunofluorescence. 
Extensive  immunofluorescence  of  neurofila- 
ments  from  the  central  and  peripheral  nervous 
systems of rat and human tissues is indicative of a 
common antigenicity  of neurofilaments  from di- 
verse origins, suggesting a similarity in the chemi- 
cal composition of neurofilaments  from cerebral 
and  peripheral  nervous systems.  Yet,  neurofila- 
ment preparations isolated from mammalian brain 
are  dominated  by  a  54,000-dalton  polypeptide 
(11, 12, 24, 38, 46), a moiety which is not appar- 
ent in electrophoretic analyses of neurofilament- 
rich peripheral nerve (22, 26) or pure axoplasmic 
samples (19, 29) obtained from the giant axons of 
invertebrate  species.  Over  70%  of the  protein 
composition of peripheral nerve extracts contain- 
ing neurofilamentous antigen migrated as a single 
electrophoretic  band  which  corresponded  to  an 
apparent tool wt of 68,000 daltons (34). The pres- 
ence of this 68,000-dalton polypeptide within the 
axial core of peripheral nerve neurofilaments was 
evidenced by the successful absorption of experi- 
mental antisera with fractions of this polypeptide 
eluted  from polyacrylamide gels  (34).  The  like- 
lihood  that  this  68,000-dalton  polypeptide  is  an 
antigenic component of neurofilaments in general 
is now indicated by the cross immunofluorescence 
reactivity between  peripheral  and  central  neural 
tissues,  as well  as  by the  widespread  absorptive 
capacity of the same peripheral  nerve extracts in 
successfully  preventing  immunofluorescence  of 
neurofilament-rich  structures  in  central  and  pe- 
riphery  nervous  systems.  This  does  not  exclude 
the possible  existence  of other antigenic reactive 
components  within  peripheral  nerve  extracts  or 
the presence of the same antigenic site(s) in larger 
or smaller polypeptide moieties. 
Antisera  to  neurofilament  preparations  from 
brain tissue have been noted to cross-react with a 
glial  fibrillary acidic protein  (14,  23, 46)  with  a 
moi wt of about 54,000 daltons (10). Immunoflu- 
orescence  localization of these  antisera  in  mam- 
malian  brain  revealed  a  distributional  pattern 
which was indistinguishable  from that noted with 
antisera  to glial  fibrillary acidic protein (14, 47). 
The cross-reactivity could be indicative of chemi- 
cal similarities between glial filaments and neuro- 
filaments (23, 46), or it could also result from co- 
purification  of polypeptides of similar  molecular 
weights (2, 14). The latter possibility is supported 
by morphological (12, 38, 46) and immunological 
(2,  3,  12)  evidence  of admixtures  of gliai  and 
neural filaments  in brain fractions. Nevertheless, 
the cross-reactivity with glial filaments would limit 
the general  utility of antisera  to brain  neurofila- 
ments as an immunofluorescent probe of neurofil- 
aments, even though it has been successfully used 
to demonstrate these organelles in neuroblastoma 
tissue culture cells  (25). 
Localization of immunofluorescence to neuro- 
filament-rich  components  could  be  determined 
with greater precision in peripheral nerve (Figs. 1, 
3, 5, and 6).  Intense immunofluorescent staining 
was observed in large myelinated axons which are 
known to contain the largest number and highest 
density  of neurofilaments  (17,  40).  Clusters  of 
small unmyelinated axons were occasionally seen 
but were much less conspicuous than larger axons. 
Some short, thin linear arrays of faint immunoflu- 
orescence may also have represented Schwann cell 
processes.  Schwann  cells  are  known  to  contain 
intermediate-sized  filaments  (6; 30) which share 
many  features  of neurofilaments  (see  reference 
34). Immunological cross-reactivity between neu- 
rofilaments  and  intermediate-sized  filaments  of 
Schwann  cells  could  not  be  excluded  from  the 
present study. 
Accurate localization of immunofluorescence to 
the cytological distribution of neurofilaments was 
also evidence in the spinal ganglia (Fig. 13). Large 
ganglion cells are distinguished cytoarchitecturally 
by the clustering of rough endoplastic reticulum, 
separated by sheaths of neurofilaments and micro- 
tubules  (1,  7,  41),  endowing  these  cells  with  a 
lattice-like  network  of neurofilaments  similar  to 
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cleus (28). Small ganglion cell populations possess 
a diffusely distributed endoplasmic reticulum and 
few  neurofilaments  (1,  7,  41).  The  differential 
densities and patterns of neurofilaments between 
large  and  small ganglion cells were  reflected in 
their respective immunofluorescence. 
Precise cytological localization of immunofluo- 
rescence was obscured by the structural complex- 
ity of the  brain  and,  perhaps,  by the  high  lipid 
content of this tissue. Nevertheless, the pattern of 
staining  in  the  central  nervous  system  corre- 
sponded to the distribution and configuration of 
neurofilament-rich structures. Neurofilaments are 
particualrly concentrated in large myelinated ax- 
ons (30, 31, 44) and, to a lesser extent, in some 
large dendrites (30, 39, 45), but are generally less 
conspicuous in neuronal perikarya (30, 44). Ac- 
cordingly, the prominent immunofluorescence of 
white  matter  is  due  to  the  predominant  axonal 
constituency of this tissue. It is noteworthy that 
immunofluorescence  staining  was  not  observed 
along the glial limiting membranes which underlie 
the  piai  surfaces  and  surround  the  perivascular 
spaces of the brain. These locations are rich in glial 
fibers and  are characteristically stained with flu- 
oresceinated anti-glial sera, as exemplified in im- 
munohistochemical studies of glial acidic fibrillary 
protein (5, 9). 
Some distortions of structural components un- 
doubtedly arose through  the use of fresh frozen 
sections  and  chloroform-methanol fixation.  The 
latter  treatment  presumably  removed  large 
amounts  of  lipid-soluble components  from  the 
brain,  thereby  enhancing  the  penetration  of 
aqueous solutes into the  tissues. Similar fixation 
has been successful in immunofluorescence studies 
of other  brain  antigens  (20,  21).  Some  loss or 
alteration of antigenicity of the fixed tissues may 
have  been  countered  by the  enhanced  exposure 
of tissue components. Both formalin and glutaral- 
dehyde fixations were far less successful in main- 
taining  immunofluorescence  in  brain  and  nerve 
tissues. Unfortunately,  the  inadequate  preserva- 
tion of either structural integrity or tissue antigen- 
icity seems to be an inherent limitation for immu- 
nohistological studies on brain tissue. 
Immunofluorescence  of  the  neurofilamentous 
constituency within tissues provides a  methodol- 
ogy which has considerable utility for elucidating 
many puzzling aspects of this widespread but still 
obscure  organelle.  Immunohistochemical studies 
may help elucidate the ontogeny, phylogeny, and 
universality of neurofilaments,  their relationship 
to other filamentous or contractile proteins, their 
synthesis,  assembly,  and  movements  within  the 
complex confines of the  neuron  as well as their 
possible altered distribution and character in cer- 
tain  pathological  states.  Filamentous  accumula- 
tions characterize the major pathological change 
of numerous experimental conditions and human 
disease states (43). The twisted tubules which ag- 
gregate in  cortical neurons  of some  neurological 
diseases (37, 42) may also represent a manifesta- 
tion of neurofilament alteration. Studies in which 
an  immunological marker is used  as a  probe of 
tissue  neurofilaments  employ  inherent  chemical 
specificity which may enable us to narrow the gap 
between the biochemistry and the morphology of 
these organelles. 
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